Cryospectrokinetic studies provide concurrent structural, kinetic, and chemical data on short-lived intermediates in the course of the interactions of enzymes with their substrates and of other, similar pairs of biomolecules.
strumentation, allow simultaneous measurement of both their physical-chemical and kinetic characteristics. For carboxypeptidase A, the spectra of a chromophoric, enzymatically functional cobalt atom at the active site signal the structure of the coordination complex during catalysis, while radiationless energy transfer between enzyme tryptophans and the fluorescent dansyl blocking group of rapidly hydrolyzed peptide and ester substrates provides the basis for measurement of the rates of formation and breakdown of intermediates. Subzero radiationless energy transfer kinetic studies of the zinc and cobalt enzymes disclose two intermediates in the hydrolysis of both peptides and esters and furnish all the rate and equilibrium constants for the reaction scheme E + S -ES, = ES2 --E + P. The chemical and kinetic data indicate that neither of these is an acylenzyme intermediate. Both absorption and EPR spectra of the ES2 reaction intermediates consistently demonstrate (i) the formation of transient metal complexes, (it) differences between the effects induced by peptides and esters, and (iii) strong similarities between those induced by all peptides on the one hand and all esters on the other. The marked alterations of the cobalt spectra likely reflect the coordination of a substrate carboxyl and/or carbonyl group to the metal at a critical step in the course of catalysis. The cryospectrokinetic approach developed here in the mechanistic study of this metalloenzyme is applicable to the examination of transients of biochemical reactions in general. It will allow molecular characterization of previously elusive intermediates and greatly magnify the range of mechanistic questions that can be answered.
The formulation of a valid enzyme mechanism ultimately calls for the detection and characterization of structural changes of both the substrate and the enzyme active center during catalysis, which may occur in pico-to millisecond intervals. Experimentally, concurrent measurements of both the physical-chemical and kinetic characteristics of such intermediate states requires a lengthening of their very short lifetimes through a reduction of the rate of their breakdown. This can be achieved by lowering the temperature at which the catalytic reaction is observed (1) . Further, a contraction of the time frame required for characterization of an intermediate accompanied by an extension of its lifetime allows the simultaneous acquisition of information about its structure and the kinetics of its formation and breakdown, thus supplying the critical information required for the delineation of the enzyme mechanism.
We have reported on the design and performance of a stopped-flow instrument that is coupled to a rapid-scanning spectrometer to allow simultaneous measurement of both kinetics and spectra during enzymatic reactions at subzero temperatures (2, 3) . For this purpose, enzymes or substrates (or both) can be labeled with chromophoric atoms or groups that monitor, but do not interfere with, dynamic alterations in the structure of the active center accompanying the catalytic process.
For many years carboxypeptidase A has served us as a model for the investigation of enzymatic catalysis and its structural basis (4) . This work has generated and defined a great variety of experimental approaches to study the relationship between structure and function, making this metalloenzyme an obvious choice for us to explore an enzyme mechanism through this subzero temperature approach and vice versa. The first experimental results have been published, and we here expand and integrate the kinetic and spectral data that characterize the transient species recently described for carboxypeptidase A (3, 5) . We further emphasize the general relevance of this approach to molecular characterization of elusive intermediates in biochemical reactions.
MATERIALS AND METHODS
Cobalt carboxypeptidase A (3) was prepared from bovine enzyme (Cox; Sigma). N-Dansylated oligopeptides and depsipeptides were synthesized and characterized as published (5) (6) (7) . Precautions were taken to exclude adventitious metal ions from all solutions (3, 5) .
Kinetic and absorption spectroscopic studies were performed with a low-temperature stopped-flow instrument interfaced with a rapid scanning photodiode array and a Digital Equipment PDP 11/34 computer, as reported (2, 3, 5, 7) . Conditions of the assay were 4.5 M NaCl/10 mM Hepes, pH 7.5. The units of molar absorptivity, E, are M-1cm-1.
X-band EPR spectra were obtained on a Varian E-9 spectrometer at 4 K. The intermediates were prepared directly in EPR tubes and cryotrapped by rapid freezing (3).
RESULTS AND DISCUSSION
Cryospectrokinetic investigation of enzymes aims to detect and characterize reaction intermediates at subzero temperatures without altering reaction pathways. These objectives require that structural changes and activity of an enzyme can be measured rapidly and concurrently in a suitable cryosolvent. For carboxypeptidase A the spectra of a chromophoric, enzymatically functional cobalt atom at the active site signal the structure of the coordination complex in the course of Abbreviations: MCD, magnetic circular dichroism; RET, radiationless energy transfer; Cbz, carbobenzoxy; Dns, dansyl, 5-dimethylaminonaphthalene-1-sulfonyl; OPhe, L-f3-phenyllactate; OLeu, L-ahydroxyisocaproate; OVal, L-a-hydroxyisovalerate.
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Proc. Natl. Acad. Sci. USA 81 (1984) catalysis, while the fluorescence of a dansyl (Dns) group of rapidly hydrolyzed peptide and ester substrates is the basis of radiationless energy transfer (RET), which serves to measure activity.
Carboxypeptidase A is particularly soluble in salt (8) . The depression of the freezing point in salt solutions makes this intrinsic property ideal for studies at subzero temperatures. Thus, 4.5 M NaCl lowers the freezing point of water to -23TC without altering the reaction pathway or the cobalt spectra (3, 5) , so that both kinetics and spectra can be obtained readily at -20'C in this homogeneous, low-viscosity cryosolvent.
The spectra of chromophoric metal atoms at the active sites of metalloenzymes are known to be especially effective probes of structure-function relationships (9-11). The chromophoric and paramagnetic cobalt ion, Co(II), substitutes for the colorless, diamagnetic zinc of carboxypeptidase, resulting in a spectrally distinctive and catalytically active derivative (12, 13) . Its absorption, CD, magnetic circular dichroism (MCD), and EPR spectra indicate an environment of low symmetry of the cobalt atom that is responsive to pH, denaturation, inhibitors, and substrates (4, 14) . In fact, the entatic nature of these spectra exemplifies those of other chromophoric metalloenzymes (9, 10) .
The characteristics of RET are also admirably suited for the exploration of structure-function relationships (15, 16) . They provide a basis for a rapid and sensitive assay of the rates of formation and breakdown of enzyme intermediates by stopped-flow fluorescence (7, 15, 16) . The same experiment can disclose both the pre-steady-state and steady-state kinetic features of an enzyme. Analysis at steady state precisely determines kcat and Km values; analysis at pre-steady state demonstrates the number of intermediates, the type of reaction scheme, and the individual binding and rate constahts (7, 15, 16) .
The kinetics characterizing the hydrolysis of a series of Ndansylated peptides and depsipeptides by zinc carboxypeptidase over the temperature range +20'C to -200C in 4.5 M NaCl have been published (5) . Analogous data for cobalt carboxypeptidase (Table 1) are closely similar to those of the zinc enzyme. Importantly, for the exactly matched peptide and ester pair, Dns-Ala-Ala-Phe and Dns-Ala-Ala-OPhe, Arrhenius plots of kcat ( Fig. 1) the intermediates for Dns-Ala-Ala-Phe and Dns-Ala-AlaOPhe (Figs. 2 and 3 ). The Insets in Figs. 2 and 3 show the time course of the changes in cobalt absorbance at 510 and 575 nm for the peptide and ester intermediates, respectively. The decrease in absorbance at these wavelengths over the first 200-ms interval reflects the rapid formation of these intermediates ( Figs. 2A and 3A) . At this point in the reaction, the cobalt spectrum of the ester intermediate clearly differs from that of the peptide intermediate, and both differ from that of the enzyme alone. Thus, both peptides and esters markedly disturb the cobalt coordination sphere in a fashion characteristic of the type of substrate (see below). The increase in absorbance in the course of the next several seconds (Insets in Figs. 2B and 3B ) signals the reduction in the concentration of these intermediates due to their conversion to enzyme plus products, Dns-Ala-Ala and Phe or OPhe.
The cryospectroscopic and concurrent cryokinetic studies of the cobalt enzyme result in reaction Scheme I, which is identical to that established for the zinc enzyme (5). The rates of formation and breakdown of the intermediates have been determined as a function of substrate concentration to quantitate all of the individual rate and equilibrium constants. The constants for the zinc and cobalt enzymes are closely similat and characteristic of the two substrate types (Table 1) .
In the first step of the reaction, both the peptide and ester substrates bind relatively weakly to the metalloenzymes to form their respective ES1 intermediates. In the next step, ES1 is converted rapidly into a second intermediate*, ES2 . The products of the reaction are then released in the slow step of the reaction. The extent to which the cobalt enzyme is converted into~the ES2 intermediate for the peptide or ester at steady-state, as well as the rates of formation and breakdown of ES2, can be calculated. Accordingly, at the concentrations of Dns-Ala-Ala-Phe and Dns-Ala-Ala-OPhe employed for subzero spectroscopy (Figs. 2 and 3) , the peptide and ester ES2 intermediates form maximally within 200 ms ( Figs. 2A and 3A) , and at this time they constitute 99% and 95%, respectively, of the total enzyme present. The subsequent breakdown of the intermediate to free enzyme is much slower and is complete at 25 s for Dns-Ala-Ala-Phe (Fig. 2B) and 250 s for Dns-Ala-Ala-OPhe (Fig. 3B) .
The ES2 intermediates generated with a large number of matched peptide and ester pairs have been examined in this manner Since the rates at which these substrates are hydrolyzed vary considerably, the concentrations of enzyme, 0.1 mM, and substrate, 0.1 mM to 10 mM, and the temperature, 0 to -20TC, have been chosen to optimize conditions so. that both formation, -250 ms, and breakdown, 10-250 s, of the intermediates may be observed. Further, a substrate concentration 10-fold or more above Km maximizes the steady-state concentration of the intermediates.
The cobalt spectra of both peptide and ester intermediates identify catalysis-related changes in the active site metal coordination sphere characteristic of each. The spectra of the ES2 intermediates generated with all peptides and analogous esters examined so far fall into two distinct categories clearly representative of the two substrate types (Fig. 4) Conditions of assay were -20'C for peptide and -10'C for ester in 4.5 NaCl/10 mM Hepes, pH 7.5. The Michaelis-Menten parameters and the rate and equilibrium constants for the cobalt enzyme were determined as for the zinc enzyme (5) by RET kinetics (7, 15 intermediates of peptides display an absorption maximum at 570 ± 3 nm and a band of low intensity at 473 ± 6 nm, whereas those of the ester analogs exhibit two maxima of unequal intensity at 598 ± 3 nm and 551 ± 2 nm as well as a prominent shoulder at 523 ± 3 nm. These two classes of spectra correlate directly and solely with the substrate type-i.e., peptide versus ester. Thus, the spectral features of the peptide ES2 intermediates (Fig. 4) that differ in length (di-, tri-, tetra-), internal amino acids and their sequences (Gly, Ala, Val, or Glu), blocking group [Dns, carbobenzoxy (Cbz), Bz], and COOH-terminal residue (Phe or Leu) are all the same and exemplify those of a large number of peptides. Similarly, the spectral features of the ES2 intermediates for the esters Bz-Gly-OPhe, Cbz-Gly-Gly-OPhe, Cbz-Gly-Gly-OLeu (where OLeu = L-a-hydroxyisocaproate), Cbz-Gly-GlyOVal (where OVal = L-a-hydroxyisovalerate), Dns-Gly-AlaOPhe, and Dns-Ala-Ala-OPhe are identical.
Remarkably and in marked contrast to all other peptides or esters studied, the absorption of the cobalt enzyme in the 6 presence of the dipeptide Gly-Tyr has a maximum at 548 nm and a shoulder at 514 nm (14) . Gly-Tyr is known, however, to be hydrolyzed very slowly and to bind in an unproductive mode. The present data reinforce earlier evidence (ref. 4 and references therein) that this peptide cannot be considered a "model" (17, 18) for rapidly hydrolyzed substrates.
The corresponding EPR spectra both support and further amplify the deductions drawn from the electronic spectra of the intermediates. Immediately prior to the rate-determining step, both peptides and esters disturb the coordination sphere and the symmetry of the metal in a manner characteristic for each substrate. The frozen solution spectrum of the cobalt enzyme exhibits three resonances with effective g values, g1 -5.65, g2 = 2.98, and g3 = 2.03, but hyperfine structure cannot be resolved in any of these. Mixing the enzyme with the peptide substrate Dns-Glu-Ala-Phe transforms this spectrum into that of an ES2 peptide intermediate with effective g values, g1 = 6.80, g2 = 2.00, and g3 = 1.40 ( Hyperfine structure is also resolved on the low-field resonance in the EPR spectra of the ES2 ester intermediates, but that induced by any given peptide and its matching ester differ significantly. The effective hyperfine coupling in g, for the ester intermediates is larger by 20-40 x 10-4 cm-than that for the corresponding peptide. This confirms that the respective coordination complexes differ structurally. Thus, both the absorption and EPR spectra of the reaction intermediates consistently demonstrate (i) formation of transient metal complexes, (ii) differences between the effects induced by peptide and by ester substrates, and (iii) identities between those induced by all peptides on one hand and by all esters on the other.
The EPR, MCD, and visible absorption spectra of cobalt carboxypeptidase reflect the low symmetry and irregular metal geometry characteristic of the coordination environment of catalytically essential, entatic active site metal atoms of metalloenzymes (12) . They signal the enzyme's readiness for the catalytic process including ligand exchange and/or addition at the metal atom (9, 10 
